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A microtubule is a dynamic system formed of
ab-tubulins. The presence of nonhydrolyzable
guanosine-50-triphosphate (GTP)/guanosine diphos-
phate (GDP) on the b-tubulins provokes microtubule
polymerization/depolymerization. Despite the large
number of experimental studies of this dynamical
process, its mechanism is still unclear. To provide in-
sights into this mechanism we studied the first depo-
lymerization steps of GDP/GTP-bound microtubules
by normal-mode analysis with the all-atom model.
We also constructed a depolymerizing microtubule
and compared it to cryo-electron microscopy tomo-
grams (cyro-ET). The results show that during depo-
lymerization, the protofilaments not only curve but
twist to weaken their lateral interactions. These inter-
actions are stabilized by GTP, but not evenly. Not all
of the interface residues are of equal importance: five
of them, belonging to the H2-S3 loop, play a special
role; acting as a lock whose key is the g-phosphate
of GTP. Sequence alignments of several tubulins
confirm the importance of these residues.
INTRODUCTION
Microtubules (MTs) are dynamic constituents of the cytoskeleton
involved in many important functions of the cell, such as cell
division, intracellular transport of vesicles and organelles,
compartmentalization of the cytoplasm, and flagellar motility.
An MT is a hollow flexible tube of variable length, which may
reach several micrometers in length. The most widespread
MT is formed of 13 protofilaments (PFs), and its diameter is
25 nm. Each PF is composed of ab-tubulin dimers. The
a-tubulin always contains a nonhydrolyzable guanosine-50-
triphosphate (GTP), whereas the b-tubulin contains a GTP mole-
cule that can be hydrolyzed to guanosine diphosphate (GDP)
during MT polymerization. GTP hydrolysis in the b-tubulin plays
an essential role in the modulation of the MT dynamic polymeri-
zation/depolymerization process (Howard and Hyman, 2003),Structure 21which is the basis of its functional power. Indeed, the presence
of GTP in the b-tubulin plus-end layer favors polymerization
and growth of the MT, whereas the presence of GDP provokes
its depolymerization and shrinkage (Desai and Mitchison,
1997). It has been shown that the presence of only a one-layer
cap of GTP-bound b-tubulins at the plus-end tip is sufficient to
prevent MT depolymerization despite the fact that all the other
b-tubulins are GDP-bound (Caplow and Shanks, 1996; Drechsel
and Kirschner, 1994).
The mechanism of this dynamic process is not yet well under-
stood. The allosteric model postulates that GDP favors curved
dimers and PFs, whereas GTP favors straighter conformations
(Nogales and Wang, 2006b; Wang and Nogales, 2005). How-
ever, this model is contested by the results of several experi-
mental (Barbier et al., 2010; Buey et al., 2006; Nawrotek et al.,
2011; Rice et al., 2008) and in silico (Gebremichael et al., 2008;
Grafmu¨ller and Voth, 2011) studies. Those studies seem to sup-
port the lattice model, which posits that dimer conformational
straightening occurs only upon recruitment into the growing
MT lattice (Rice et al., 2008). Recently, cryo-electronmicroscopy
structures were resolved for MTs bound to either GDP-taxol or
guanylyl 5’-a,b-methylenediphosphonate (GMPCPP), a slowly
hydrolyzable GTP analog (Yajima et al., 2012). However, even
the direct structural comparison in that study doesn’t reveal
the mechanism by which GTP stabilizes the most widespread
MT. Indeed, that study concerns the 15-PFMT, which is different
from the 13-PF MT considered here, and because GMPCPP is
longer than GTP, its way of action may be different. Therefore,
the question remains open.
Here, we approach the problem from a different angle. Our aim
is to understand the mechanism according to which the 65 addi-
tional atoms of the g-phosphates of the 13 GTPs in the b-tubulin
plus-end layer modify the dynamics not only of this layer, which
is composed of more than 105 atoms, but of the entire MT. For
this purpose we constructed a 13-protofilament MT of three
layers (Figure 1), i.e., three ab-tubulin dimers for each PF, with
GTP in the nonexchangeable site of all a-tubulins and GDP in
the exchangeable site of the b-tubulins of the first two layers
(starting from the minus end). For the plus-end layer, two states
were considered: either the 13 b-tubulins were GDP-bound,
in which case the MT was called MT-GDP, or they were
GTP-bound, and the MT was called MT-GTP. More precisely,
MT-GDP and MT-GTP refer to the energy-minimized structures., 833–843, May 7, 2013 ª2013 Elsevier Ltd All rights reserved 833
Figure 1. Structure of a Three-Layer MT
The MT is shown from the side of the seam. All the atoms are represented as
hard spheres. The a-tubulin subunits are in green and the b-tubulin in black.
Only the front PFs are numbered. VMD software (Humphrey et al., 1996) was
used for molecular visualization.
See also Figure S1, Table S1, and 3D Molecular Models S1, S2, S3, and S4.
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How Does GTP Stabilize the Microtubule?Despite improvements in computational techniques, standard
molecular dynamics simulations are not well adapted to study
the internal motions of a large (>315,400 atoms) and hollow sys-
tem such as theMT. Amore appropriate method is normal-mode
analysis (NMA), which permits simulation of the slow conforma-
tional changes of largemacromolecular assemblies independent
of the timescale. In NMA, the internal molecular motions are
decomposed into vibrational modes, with the lowest-frequency
modes corresponding to the largest-amplitude conformational
changes (Mouawad and Perahia, 2006). Here, instead of the
elastic network model (ENM) used previously to study MT dy-
namics (Deriu et al., 2010), we must use all-atom representation
to achieve the fine detail required for our study(Bahar et al.,
1997). The ENM, which is a coarse-grained model based on
Ca atoms, is not adapted to study the effect of the additional
g-phosphate. For this reason, we used the only available method
that is capable of handling such a big systemwithout approxima-
tions, diagonalization in a mixed basis (DIMB) (Mouawad and
Perahia, 1993; Perahia and Mouawad, 1995). Therefore, the
two systems, MT-GDP and MT-GTP, were energy-minimized
and their normal modes (NMs) were calculated using DIMB.
In addition, we have constructed a putative depolymerizing
MT as a reference for analysis of NMs. In what follows, we first
present observations concerning the energy-minimized struc-
tures, then compare the depolymerizing MT to cryo-electron
tomography (cryo-ET) data, and finally analyze the NM results
and propose a mechanism of action of GTP.
RESULTS AND DISCUSSION
Global Structural Differences between MT-GDP
and MT-GTP
It was proposed in the allosteric model (Nogales and Wang,
2006a, 2006b) that the binding of GTP to b-tubulin may modify834 Structure 21, 833–843, May 7, 2013 ª2013 Elsevier Ltd All rightsthe intradimer orientation and make the PF straighter, with the
intradimer angle going from 12 in the presence of GDP to 5
in the presence of GTP. Since the way these angles were
measured was not described in detail in the Nogales and
Wang (2006a, 2006b) articles, we calculated the intradimer angle
in the crystal structure of the ab-tubulin dimer bound to taxol
(Lo¨we et al., 2001) (Protein Data Bank ID [PDB] code 1JFF)
according to the description in the Supplemental Information
(see Table S1 available online). We found a value of 10.6.
Then we calculated this angle in the microtubule for both MT-
GDP and MT-GTP. The average calculated for the 13 ab-dimers
of the plus-end layer doesn’t show any significant difference
between the GDP- (7.8 ± 0.9) and GTP (7.5 ± 1.0)-bound
dimers. These values were similar for the energy-minimized iso-
lated dimers and PFs (7), whether they were bound to GDP or
to GTP (data not shown). For comparison, we also calculated the
intradimer angle in the crystal structure (Ravelli et al., 2004) of the
ab-tubulin tetramer (PDB code 1SA0) bound to colchicine and
the stathmin-like domain (SLD) of RB3, T2RB3SLD, which was
described to adopt the curvature of the depolymerizing PF (the
structure is shown in Table S1). This angle was about twice as
big (14.67 ± 0.13) as the mean angle calculated in the straight
MT, whether it was bound to GDP or to GTP, but it was not as
different from the crystal structure of the ab-dimer.
We also monitored possible changes in the interdimer orienta-
tion in each PF of MT by calculating the angle between the
principal axes of the dimers of consecutive layers. Again, there
was no significant difference between MT-GDP (3.69 ± 1.29)
and MT-GTP (3.62 ± 0.95), especially compared to the value
in the curved tetramer, T2RB3SLD (21.96
) (details are given in
Table S1).
In fact, no global difference was observed between the
MT-GDP and MT-GTP systems, similar to the observation
made regarding the crystal structures of the curved tetramer
bound to GDP or GTP (Nawrotek et al., 2011). The root-mean-
square deviation (rmsd) over all Ca atoms of the MT was 0.7 A˚.
However, this average valuemasked important disparities, given
that the structure of some regions was significantly modified
(with rmsdR2 A˚), particularly at MT extremities, but more impor-
tantly at the b3-b3 lateral interface and the seam (Figure S1). The
energy-minimized structures are included as Supplemental
Information (3D Molecular Models S1, S2, S3, and S4).
Structural Description
The view of a straight MT from its plus end (Figure 2A) shows that
the tubulins present an anticlockwise orientation, whereas from
the minus end (Figure 2B) this orientation appears to be
reversed. This is in good agreement with published cryo-electron
microscopy data (Bouchet-Marquis et al., 2007). Since these ori-
entations are known, in a stable MT, it would be interesting to
investigate them in a depolymerizing MT. Naturally, there is no
unique structure for such an MT; however, we used the crystal
structure of T2RB3SLD (PDB code 1SA0) to model a hypothetical
MT in which all PFs are depolymerizing simultaneously, either on
their plus or on their minus end (Figure 2C and 2D; for more de-
tails concerning this construction, see Experimental Procedures
and Figure S2). These models show that during depolymeriza-
tion, not only are the ends of the PFs displaced radially with
respect to the MT axis, but they also twist tangentially to itsreserved
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Figure 3. Comparison of OurModel of a Depolymerizing MTwith the
Cryo-ET Sections
(A) Five-layer model of the plus-end depolymerizing MT (corresponding to
[D] in Figure S2), constructed for comparison with the cryo-ET sections. This
model is an extension of the three-layer model shown in Figure 2C. Eight
sections parallel to the MT axis were considered. Their width is 4 nm, with a
displacement of 1.4 nm along the opposite direction of the y axis in order to
obtain sections 1–8, comparable to the cryo-ET sections (a–h) shown in (B),
although not identical due to the experimental missing wedge.
(B) Sections of the theoretical model (first row) seen in the same orientation as
experimental sections (second row). The third row shows the superposition of
the theoretical and experimental sections. The images taken from the cryo-ET
experiment correspond to the virtual sections extracted from the tomogram of
a depolymerizing MT (Figure S3), where only the plus-end depolymerizing
extremity is shown. The red and yellow arrows point to the right and left
extremities, respectively, of the depolymerizing PFs. We can observe that in
both the experimental and theoretical constructions, the length of the right PFs
seems to decreasewith the sections, whereas the length of the left ones seems
to increase. Scale bar, 25 nm.
See also Figures S4–S6.
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Figure 2. View of MT-GDP from Its Plus End and Minus End
The colored frames indicate the orientation of the MT. When the z axis points
toward the reader (A, C, and E), we see the plus end; otherwise, we see the
minus end.
(A and B) View of the straight MT from both extremities. The upper blue arrows
show the orientation of the extreme-layer tubulins in the MT.
(C) The model structure of the plus-end depolymerizing MT (corresponding to
[C] in Figure S2). The orange arrows indicate the directions of the radial (r) and
tangential (t) motions of PF3.
(D) The minus-end depolymerizing MT (corresponding to [F] in Figure S2).
Orange arrows indicate the radial and tangential motions of PF10.
(E and F) Same structures shown in (C) and (D), respectively, drawn again in
blue. These structures are taken as a reference. The straight MT-GDP was
displaced along the combinations of NMs that brought it the closest to these
reference structures, i.e., the plus-end depolymerizingMT in (E) and theminus-
end depolymerizingMT in (F). The displaced structures (red) are superimposed
on their respective references. We can observe that the orientation of the
extreme-layer tubulin subunits in the displaced structure in (E), represented by
the red arrow, is similar to that of the model structure (blue arrow), whereas
these orientations are reversed in (F).
See also Figure S2.
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How Does GTP Stabilize the Microtubule?wall. Remarkably, in these constructions the tubulin orientations
are inverted with respect to the straight MT, i.e., they go clock-
wise for the plus end and anticlockwise for the minus end.
A more recent structure (Nawrotek et al., 2011) of the curved
ab-tetramer, with RB3SLD but without colchicine (sT2RB3SLD
[PDB code 3RYI]), presented significantly lower radial curvature
than T2RB3SLD (PDB code 1SA0), whereas its tangential curva-
ture was slightly accentuated in the same direction as that of
T2RB3SLD, showing that this twist is not due to colchicine. How-
ever, at this point, we have no other evidence to assert that these
orientations are realistic in the depolymerizing MT, in the
absence of RB3SLD. Therefore, we have compared our model
to cryo-ET images.
Comparison of PF Depolymerization with Experimental
Cryo-Electron Tomography Data
In this experiment, MTs were grown from the pericentriolar
material of centrosomes; thus, the MT minus ends were fixedStructure 21by the g-tubulin ring complexes (g-TuRCs) and only the MT
plus ends could depolymerize. Figure 3 presents virtual sections,
parallel to the MT axis, extracted from the tomogram of depoly-
merizing MT (Figure S3). These sections show that the PFs on
the left and right sides of the MT adopt different positioning, 833–843, May 7, 2013 ª2013 Elsevier Ltd All rights reserved 835
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Figure 4. Analysis of the Modes
(A and B) Projections (in percentage) of the normal modes on the difference
vector between the straight (Figure 2A) and curved (Figure 2C) plus-end de-
polymerizing MT-GDPs (A) andMT-GTPs (B). For each system, the twomodes
with a projection >20%—modes 7 and 10 for MT-GDP and modes 3 and 4 for
MT-GTP—were considered as representative of plus-end depolymerization.
(C and D) Each of the representative modes in (A) and (B) was projected onto
the difference vector between a PF in the straight MT and the same PF in the
curved plus-end depolymerizing MT. The results are given versus the PF
number. The higher the projection, the more the mode contributes to the
depolymerizing motion of the PF. Modes corresponding to the displacements
of PFs 1–3 (mode 7 for MT-GDP and mode 4 for MT-GTP) are in red, and the
other two modes (mode 10 for MT-GDP and mode 3 for MT-GTP) are in blue.
(E and F) The displacements along thesemodes up to an rmsd of 3 A˚ are drawn
as thin cylinders. The color code is the same as in (C) and (D). TheMTs, in gray,
are shown from their plus ends.
See also Figure S7.
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How Does GTP Stabilize the Microtubule?according to the section: whereas the length of the right PF
decreases from (a) to (h) (Figures 3B and S3, right), the length
of the left PF increases. This is in good agreement with clockwise
twisted PFs. Indeed, the cryo-ET images were compared to sec-
tions of our plus-end depolymerizing constructedmodel (Figures
3 and S2D). These sections were drawn in the same orientation
and direction as the tomogram with 4 nm thickness correspond-
ing to the experimental resolution. There is a good qualitative
correspondence between the experimental images and the con-836 Structure 21, 833–843, May 7, 2013 ª2013 Elsevier Ltd All rightsstructed model, despite the fact that in the experimental data,
the right PFs seem much longer than the left ones, whereas in
the theoretical model, all PFs are of the same length. Similar
clockwise torsional twist was observed for all the depolymerizing
MTs in the cryo-ET experiment; therefore, our constructed
model can be considered as representative of an MT depolyme-
rizing from its plus end.
Displacement along a Combination of Normal Modes
The 50 lowest-frequency NMs were calculated starting from the
energy-minimized straight MT-GDP structure. These modes
show the main directions of large-amplitude internal motions
(the six global translation-rotation modes are not taken into
account). Following the procedure described by Mouawad and
Perahia (1996) (see Experimental Procedures for details), we
have displaced the structure along the combination of modes
that brings it the closest to a reference structure, this reference
being either the plus-end or the minus-end depolymerizing
models described above. The energy of the displaced structures
was not minimized after the displacement in order to keep the
system as close as possible to the reference. The comparison
of the resulting structures with their references (Figures 2E and
2F) shows that there exists a combination of modes that brings
the system close to the depolymerizing plus-end structure, i.e.,
that the radial motion is accompanied by a tangential twist in
the clockwise direction. However, a combination of modes that
would bring the structure close to the depolymerizing minus-
end conformation could not be found; all the modes that corre-
sponded to the collective opening of the minus end (radial
motion) were correlated to a clockwise twist (tangential motion)
instead of the required anticlockwise twist. These results indi-
cate that (1) the modes reflect well the internal motions of such
a large system, because they led, on the plus-end side of the
MT, to an open structure in good agreement with the experi-
mental results; (2) the depolymerization motion of MT-GDP
from this side is intrinsic to the structure independent of the pres-
ence of the colchicine and RB3SLD, as in the tubulin tetramer
crystal structure that is the basis for the construction of the de-
polymerizing MT; (3) the crystal structure of T2RB3SLD (1SA0)
may be representative of the conformation of the PF depolymer-
ized from its plus end but not from itsminus end, so only the plus-
end curved structure can be taken as a reference for further
analyses. The same calculations were done for MT-GTP, and
similar results were obtained.
Which Modes Are Responsible for the Depolymerization
Motion?
All the modes do not participate in the plus-end depolymeriza-
tion motion. To identify those that do, we followed another pro-
cedure described in the reference (Mouawad and Perahia,
1996) (see sections titled Calculation of the Normal Modes and
Displacement toward a Reference Structure along a Combina-
tion ofModes for details), i.e., we constructed the difference vec-
tor between the coordinates of the open plus-end structure
(Figure 2C, for the MT-GDP curved model) and those of the
straight MT (Figures 2A and 2B,for MT-GDP), then projected
the NMs on this vector (Figures 4A and 4B). The percentage of
overlap indicates the relevance of the mode for the plus-end
depolymerization motion. The same procedure was applied toreserved
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Figure 5. Energy Cost of the Displacement along the Most Repre-
sentative Modes
(A) MT-GDP and MT-GTP were displaced along each of their representative
modes by steps of 0.08 A˚. The relative energy was calculated for each step.
Since NMs represent vibrational motions, the displacements were carried out
in both vibrational directions. The negative rmsd corresponds to the motion
toward the interior of the MT, so in our case, only the positive rmsd is of in-
terest, because these displacements represent the depolymerizing motions.
The color code is the same as in Figure 4.
(B) For the extreme structures displaced toward the exterior (with rmsd 0.3 A˚),
the difference in energy between these structures and the starting structures
was calculated per residue. The information was concatenated from both
modes for each system (see Energy Cost for Displacements along the Modes
for details). Displacement along modes 7 and 10 of MT-GDP is shown at left
and that along modes 3 and 4 of MT-GTP at right. When the depolymerizing
motion is unfavorable, the color is red (the cost is >1 kcal/mol for the residue),
and when it is favorable, the color is green. The MT is shown from its plus end,
because only this extremity, and, more precisely, the b3 layer, is affected by
such a small displacement along the depolymerizing modes. Close-ups of
representative b3-b3 interfaces are shown for each structure.
Structure
How Does GTP Stabilize the Microtubule?both MT-GDP and MT-GTP. For each system, two modes
showed significant overlaps: for MT-GDP, we have modes 7
(with an overlap of 22%) and 10 (24%), with frequencies of
1.14 and 1.20 cm1, respectively; for MT-GTP, the two modes,Structure 213 (25%) and 4 (26%), with frequencies of 1.136 and
1.143 cm1, respectively, are almost degenerate. A detailed ex-
amination of these four modes was made by projecting them
onto the difference vector of each PF (see Projection of the
NMs on a Difference Vector for details).
We can see that for MT-GDP, mode 7 corresponds mainly to
the depolymerization dynamics of PFs 1–3, and mode 10 to
that of PFs 4–7 and 10–12 (Figures 4C and 4E). For MT-GTP,
the two modes correspond to the depolymerization dynamics
of fewer PFs, i.e., mode 3 concerns PFs 12 and 13, and mode
4 PFs 1–4 (Figures 4D and 4F). Therefore, the modes of MT-
GDP seem to be more efficient for depolymerization than those
of MT-GTP, because, among the 50 lowest-frequency modes
for MT-GDP, we could find NMs that corresponded to the depo-
lymerizationmotion of almost all the PFs (excepting PFs 8, 9, and
13), whereas for MT-GTP, the NMs corresponded to the depoly-
merization motion of less than half the PFs. This does not seem
to be due to an increase in stiffening of the plus-end rim by GTP.
Indeed, the fluctuations of this end of the MT, calculated from all
the 50modes, are similarly high for both systems (see Figure S4).
Therefore, because the plus-end layer is as flexible inMT-GTP as
inMT-GDP but depolymerizes less efficiently in MT-GTP, we can
conclude that in MT-GTP, the fluctuations of the b3 layer corre-
spond to more random motions than in MT-GDP.
Energy Cost of the Displacement along Some Normal
Modes
The energy cost was calculated for small displacements along
the modes that corresponded to the plus-end depolymerization
motion. These displacements were done starting from eitherMT-
GDP or MT-GTP structures along modes 7 and 10 for the former
and modes 3 and 4 for the latter, until a mass-weighted rmsd of
0.3 A˚ was reached. Figure 5A shows that the energy cost for
such displacements is significantly higher for MT-GTP than for
MT-GDP, reflecting the difficulty involved in depolymerization
of MT-GTP, which is in good agreement with the fact that GTP
stabilizes the microtubule.
A detailed per-atom analysis of this energy cost (Figure 5B)
shows that for both systems, the involved residues are mainly
located in the plus-end b-tubulin layer, and preferentially in the
PFs that undertake a large move along the depolymerizing
modes. However, whereas in MT-GDP the energetically costly
residues are few and are limited to the PF interfaces, in MT-
GTP they are much more numerous and extend from the b3-b3
interface to the interior of the subunit near the guanine and ribose
of GTP. However, in both systems, the main energy cost for the
beginning of the depolymerization motion may be imputable to
the b-b interface of the plus-end layer.
Analysis of the b-b Interface
In MT, the N-terminal domain of b-tubulin (domain N, residues
1–206) in PFi interacts with the intermediate domain (domain I,
residues 207–382) of the adjacent b-tubulin in PFi+1 (Figure 6A),
except for the seam, where the intermediate domain of b-tubulin
of PF1 interacts with the N-terminal domain of a-tubulin of PF13.
The residue numbering adopted here is the same as that used in
the PDB structure (Lo¨we et al., 2001), where the b-tubulin was re-
numbered to be similar to the a-tubulin. To obtain the sequence
numbering, one should subtract 2 for residues between 47 and, 833–843, May 7, 2013 ª2013 Elsevier Ltd All rights reserved 837
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Figure 6. The Lateral Interface in the
Plus-End Layer
(A) The b3-tubulin of PF1 is shown from the wall of
the MT, with its lateral-contact subunits, i.e., b3 of
PF2 and a2 of PF13. The b3-PF1 is the only plus-
end b-tubulin in lateral contact with an a-tubulin.
This contact constitutes a part of the seam. Since
a- and b-tubulins are similar, the domain partition
is the same; the N-terminal domain (N, residues
1–206) is in red, the intermediate domain (I, resi-
dues 207–382) in blue, and the C-terminal domain
(C, residues 383–439 for a-tubulin and 303–437 for
b-tubulin, with tails omitted) in yellow. See also
Figure S5 and Note S1.
(B) Detailed description of the b-b interface
in either MT-GDP or MT-GTP. The residue
numbering is that adopted in the PDB structure by
Lo¨we et al. (2001). The corresponding secondary
structures are also shown. The orientation of the
interface is viewed from the plus end of the MT.
Thick connecting lines between residues indicate
the presence of salt bridges, thin lines and arrows
the presence of hydrogen bonds, and dashed lines mere contacts. There are no hydrophobic contacts at the b-b lateral interface. The limit between the inner and
outer parts is shown as a dashed gray line. For PFi, the inner minus part is blue, the inner plus part is green, and the outer part is yellow; for PFi+1, the inner part is
red and the outer part is tan. See also Figure S6 and Note S2.
(C) The interface residues are drawn as hard spheres in the same orientation and color coded as in (B). We also represent the directions of the radial (r) and
tangential (t) motions corresponding to plus-end depolymerization. See also Figure S7.
(D) Same representation as in (C) for the b2-b2 interface, taken from our constructedmodel of a depolymerizingMT (in the b3-b3 interface, the residues are too far
from each other to represent the beginning of depolymerization). See also Note S2.
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How Does GTP Stabilize the Microtubule?360 and 10 for residues over 368. Residues 1–44 have the real
numbering.
We calculated the distance between the center of mass (CM)
of domain N of b3-PFi and the CM of its facing domain, domain I
of b3-PFi+1. This distance is on average 0.4 A˚ shorter in MT-GTP
than in MT-GDP (except in the case of PFs 10–13), showing a
tighter contact in the former (Figure S5). This is not due to a
global domain motion, since no significant reorientation of the
domains was observed in MT-GTP compared to MT-GDP
(Note S1).
A detailed description of the b-b interface is presented in Fig-
ures 6B and 6C, where we can see from the network of contacts
that this interface can be divided into two distinct parts. The inner
part, located on the side of the lumen, consists of residues 33,
55–62, and 85–90 in PFi (corresponding to parts of loops
H1-S2 and H2-S3) and their facing residues 277–285 in PFi+1
(loop S7-H9), and the outer part on the side of the MT wall con-
sists of residues 120–127 in PFi (half of helix H3) with their facing
residues 293–299 and 338 in PFi+1 (corresponding to the end of
helix H9 with the following loop). The interface residues of PFi+1
are also called the M-loop.
In Figure 6C, we can see that the steric hindrance at the b-b
interface would obviously impede MT depolymerization by a
mere radial motion. A combination with the tangential motion
(described in Figure 2C) appears to be necessary to separate
PFi+1 from PFi and, more precisely, to move Tyr283 away from
its facing residue, Arg88. This is confirmed in Figure 6D, which
shows the b-b interface in our constructedmodel of a depolyme-
rizing MT (presented in Figures 2C and S2C). In this model,
Tyr283 passes to the other side of Arg88, which is possible
only because the model was constructed without any energy
consideration. In reality, it seems obvious that tangential motion838 Structure 21, 833–843, May 7, 2013 ª2013 Elsevier Ltd All rightsis necessary to separate the b-b interface and to make this tran-
sition possible.
To see the effect of GTP on this interface, we calculated the
distance between each Ca atom of the interface residues of PFi
and the CM of the facing domain I in PFi+1 on the one hand,
and the distance between the Ca atoms of the interface residues
of PFi+1 and the CM of the facing domain N of PFi on the other
hand. The latter distances showed no significant difference
between MT-GDP and MT-GTP (Figure S6A), whereas the
former distances showed some variations according to the res-
idues. In MT-GTP, residues 85–90 of PFi are significantly closer
(by 0.42 A˚ on average) to the CM of PFi+1 than they are in MT-
GDP (Figure S6B), except in the case of the last PFs (see Note
S2), whereas this is not the case for the other parts of the inter-
face, namely residues 33, 55–62 (average 0.06 A˚), and 120–127
(average 0.14 A˚). Therefore, based on these considerations, the
interface can be divided into three parts (instead of two) on the
side of the N-terminal domain of PFi (Figures 6B and 6C),
the inner minus part (loop H1-S2, blue), the inner plus part
(loopH2-S3, green), and the outer part (helix H, yellow). The inner
plus part is located on top of the inner minus part when the
b-tubulin is observed from the MT plus end, as in Figure 6C.
This partition is based on distance considerations, but what
about the energy contribution of these parts to the stabilization
of the MT? To answer this question, for each pair of protofila-
ments, PFi-PFi+1, the total energy, E, of the b3-interface residues
was calculated for both MT-GDP and MT-GTP systems. The dif-
ference ðEMTGTP  EMTGDPÞ ismostly negative, with an average
of3 kcal/mol (Figure S7A), except for the last PFs, whichmeans
that this energy in MT-GTP is lower than in MT-GDP and that
therefore, the interface is more stable. Although small, this
energy difference is considered to be qualitatively significantreserved
AB
Figure 7. Residues Involved in the Mechanism of MT Stabilization
upon GTP Binding
(A) View of the MT from its plus end and close-up of the b3-tubulin of PFi, with
the residues affected by the nucleotide and those at the lateral interfaces
highlighted. The b-tubulin is drawn as a gray cartoon (Frishman and Argos,
1995), the residues whose positions are significantly modified by the presence
of GTP are red, the inner and outer parts of the interface with PFi+1 are blue, the
inner plus part of the same interface is green, and the interface with PFi1 is
pink. GTP is shown as sticks with atoms colored cyan for carbon, blue for
nitrogen, red for oxygen, white for hydrogen, and tan for phosphorus. The
Mg2+ ion is represented as a small yellow sphere.
(B) The main sheet of the b3-tubulin and some residues that play important
roles in the MT stabilization mechanism, shown from two perpendicular ori-
entations. The five residues in close contact with the GTP g-phosphate are
drawn as cyan hard spheres. Gln11 is omitted in the right image for more
clarity. The continuous part (residues 65–101) of the region that swings upon
GTP binding is colored yellow. It contains the interface inner plus part (residues
85–90), shown in green. The only residue of this part that points toward the
interior of the b-tubulin, Phe87, is shown as green hard spheres. The residues
of the sheet that are in close contact with the side chain of Phe87, and whose
position is modified by the presence of GTP, Gln8 and Leu67, are drawn as red
hard spheres. GTP is represented as in (A).
See also Movie S1.
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How Does GTP Stabilize the Microtubule?due to its systematic character in PFs 1–9. The decomposition of
this energy difference into terms corresponding to the three parts
mentioned above shows that the inner plus part ismainly respon-
sible for the global difference, with an average of3.55 kcal/mol
(Figure S7B), and therefore this part may hamper the depolymer-
ization dynamics uponGTP binding. All the averages were calcu-
lated for the b3-b3 interfaces corresponding to PFs 1–9.Structure 21Detailed Structural Difference between MT-GDP
and MT-GTP
To analyze the effect of GTP on the plus-end b-tubulin layer, we
calculated the average structures of the 13 b3-tubulinmonomers
extracted from MT-GTP and MT-GDP. The two average struc-
tures were compared in terms of the positions of their Ca atoms.
The only significant difference was observed for residues 6–11
(strand S1), 67–77 (T2-loop and helix H2), 99–107 (T3-loop and
helix H30), 143 and 144 (T4-loop), and 405–413 (helix H110 and
loop H110-H12) (Figure 7; see Identification of the Residues
with Significant Conformational Change for how these residues
were identified). Remarkably, the latter residues interact with
Mal3, a plus-end tracking protein that is able to discriminate be-
tween GDP- and GTP-bound microtubules. More precisely, the
PDB structure of Mal3 bound to MTs (PDB code 4ABO) (Maurer
et al., 2012) shows that this protein interacts with b-tubulin via
residues 411–414 and residues 108–113, which are a continua-
tion of 99–107, cited above. Therefore, our results are in good
agreement with this experimental observation, which indicates
structural modifications of this area due to the nucleotide.
All the residues that showed significant differences happened
to be in the neighborhood of the g-phosphate of GTP (Figure 7A).
More specifically, Gln11, Glu71, Ala99, Gly100, and Asn101 are
in the close vicinity of this chemical group, the three latter resi-
dues being part of the T3-loop (Figure 7B). This result is in
good agreement with the observations based on the crystal
structures of sT2RB3SLD bound to either GDP (PDB code 3RYI)
or GTP (PDB code 3RYF) (Nawrotek et al., 2011), which indicated
that the main difference was in the vicinity of the g-phosphate.
Figure 7B shows that these five residues are located at the end
of the first three strands of the main b sheet of the N-terminal
domain, and that the inner plus part of the interface (residues
85–90, i.e., loop H2-S3) is in the continuity (upstream) of one of
these strands (S3). In addition, two residues, Gln8 and Leu67,
in strands S1 and S2, respectively, are in close contact with
Phe87, which is located in the middle of the interface inner
plus part and is its only residue that points toward the interior
of the tubulin. The comparison of MT-GDP and MT-GTP shows
that whereas Gln11, Ala99, and Gly100 are attracted by the
g-phosphate, Glu71 is pushed away from it, resulting in a global
swing of the subdomain made of the continuous region consist-
ing of residues 65–101, in addition to residues 2–11 (see Movie
S1). This motion, through Gln8, Leu67, and Phe87, pushes the
interface inner plus part toward domain I of the adjacent protofi-
lament, PFi+1, slightly, but sufficiently to hamper the depolymer-
ization process by increasing its energy cost (for the last PFs,
see Note S2). As expected, this effect of the nucleotide is not
comparable to the conformational changes of the 15-PF micro-
tubule due to GMPCPP (Yajima et al., 2012), because for this
microtubule, even in the presence of GDP, the b-b tubulin lateral
interface seems significantly different from that of the 13-PF
microtubule used here. However, the effect of the nucleotide
on the inner plus part, i.e., on loop H2-S3, described here is in
good agreement with the hydrogen/deuterium-exchange mass
spectrometry experiments (Bennett et al., 2009). Based on these
experiments, we can see that the differential deuteration level for
GDP/GTP at 0.25 M urea is significant for the subdomain
described above and, more particularly, for the inner plus part
of the lateral interface. Remarkably, the inner plus residues, 833–843, May 7, 2013 ª2013 Elsevier Ltd All rights reserved 839
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deuterium labeling was observed, besides Asp297 and Lys 299,
showing their structural modification according to the nucleo-
tide. In this article, these residues were in the list of perturbed
residues, but their importance was not emphasized.
Conservation of the b-b Interface Residues
In the preceding section, the importance of the inner plus part in
the PFi side of the interface compared to the other parts is high-
lighted. We found no information in the literature that described
the modification of the MT dynamics upon mutation of residues
at the b-b interface; therefore, we used sequence alignment to
investigate whether the various parts of the interface are equally
important. We supposed that if certain residues are important for
the lateral interactions of the MT, they should be well conserved
in b-tubulin. They also may be conserved in a- and g-tubulins,
but not in d- and ε-tubulins, because the former establish lateral
interactions similar to those of b-tubulin (Kollman et al., 2010,
2011), but the latter do not (Incla´n and Nogales, 2001; Li et al.,
2012). Therefore, two criteria were considered, the conservation
(C) of the residues and their selectivity (S), i.e., their conservation
only in a, b, and g-tubulins. For this purpose we carried out two
separate alignments. The first compared 47 nonredundant
sequences of b-tubulin from various species, and the second
compared the known sequences of human tubulins, from a- to
ε-tubulins. The results are summarized in Table 1. The first align-
ment shows that for the PFi side of the interface, the inner minus
part is the least conserved, whereas the inner plus and outer
parts are very well conserved. In the inner plus part, the only res-
idue that is not conserved, Gln85, interacts with the facing resi-
dues through its backbone, so its side chain does not play a
crucial role in the stability of the MT. On the PFi+1 side, the inner
part is not conserved except for Tyr283, which is sometimes re-
placed by Phe, whereas the outer part is moderately conserved.
The second alignment shows that only the inner plus part of PFi
and a few residues from the other parts are selective. Therefore,
to summarize, we can say that from the whole interface, only the
inner plus part on the PFi side is well conserved and selective,
showing that this part is particularly important, in agreement
with our findings about the role played by this part in MT
dynamics.
CONCLUSION
Normal-mode analysis in the all-atom representation allowed us
to address the question of how GTP stabilizes the MT. It showed
that the depolymerization motion exists intrinsically in MT-GDP
andMT-GTP, but the energy cost in the latter case is significantly
higher. In addition, themodesofMT-GTPare lessdirectional than
those of MT-GDP, inducing less efficient depolymerizing motion.
The depolymerizing modes showed that the radial bending of
the PFs is accompanied by a tangential twist, which was also
observed experimentally in the cryo-ET images of depolymeriz-
ing MTs and in the crystal structure of a curved tetramer,
T2RB3SLD. This twist is due not to the presence of other mole-
cules, as might be thought for T2RB3SLD, but probably to the
shape of the a- and b-tubulins and their helical position in the
B-lattice MT. In fact, this tangential twist appears to be neces-
sary for the depolymerizationmotion. Indeed, the detailed obser-840 Structure 21, 833–843, May 7, 2013 ª2013 Elsevier Ltd All rightsvation of the b-b lateral interface shows that some interface
residues, namely those of loop H2-S3 (the inner plus part) and
their facing loop S7-H9, are nested in such a way that the radial
bendwould be hampered even inMT-GDP. The PF twist is there-
fore necessary to move these residues away from each other.
This is possible in MT-GDP, but not in MT-GTP. In MT-GTP,
the g-phosphate induces the swing of the subdomain made of
residues 2–11 and 65–101, which pushes the H2-S3 loop of
PFi, and more particularly residues 85–90 (i.e., residues 83–88,
according to the canonical numbering), toward the adjacent pro-
tofilament, PFi+1, increasing the nesting of these residues into
their facing ones. Therefore, the pushing of the inner plus part
of the interface may be responsible for hampering the depoly-
merization of MT-GTP, and these residues seem to act as a
depolymerization lock activated by the g-phosphate of GTP.
The sequence alignment confirms the particular importance of
these five residues, since they are well conserved in all tubulins
that establish similar lateral contacts (tubulins a, b, and g), but
not in other tubulins (d and ε).
EXPERIMENTAL PROCEDURES
Construction of the MT
The structure of a fragment of the MT (three PFs in three layers) was graciously
given by K. Downing and E. Nogales. In this structure the coordinates of the
straight a/b-tubulin dimer (Lo¨we et al., 2001) (PDB code 1JFF) were docked
into the electron density volume of the MT as obtained from cryo-EM
(Li et al., 2002; Nogales et al., 1999). To construct the missing part of the MT
(PF4 to PF13) we had to be sure that we were following the right procedure.
Therefore, starting from the coordinates of the PDB dimer, we constructed
the first three PFs and compared them to the experimental ones. Since we
obtained exactly the same coordinates as those given by cryo-EM, we gained
confidence in our procedure and continued the construction of the rest of the
MT in the same way. This procedure is as follows: to obtain one PF of the MT,
the straight ab-tubulin dimer was duplicated and translated longitudinally
along the principal axis with the highest moment of inertia (axes 3 and 30 in
Table S1) by 8 nm for each layer. Then the PF was duplicated and rotated
by 360/13 = 27.69 around the central axis of the MT (which is parallel to
the PF principal axis) and translated by 9.23 A˚ along this axis, to obtain a
MT of the form 13-3, i.e., a B-lattice 13-PF MT.
In the PDB structure of the ab-tubulin dimer (PDB code 1JFF) there are some
missing residues in the a-tubulin (residues 35–60). Therefore, two extreme
models of microtubule were constructed. In the first model, the missing resi-
dues were not added, to avoid possible artifacts due to the construction.
This may be acceptable, because there is a hydrogen bond that links the back-
bone of the adjacent residues (34 and 61) and because we are not using
molecular dynamics, which introduces thermal agitation, but energy minimiza-
tions and NMA only. Therefore, the position of residues 34 and 61 was not
affected by the minimizations. In the second structure, we constructed the
missing residues by using the b-tubulin as a template. In this case, the added
residues were very well structured. Despite that, they interacted little with their
environment because they are exposed to the solvent, and residues 34 and 61
kept their positions after energy minimization. The calculated NMs yielded the
same results as in the first case, indicating the same directions of motion.
Therefore, here we only present the results of the first structure.
The position of the b- and g-phosphates of GTP in the nonexchangeable site
of a-tubulin was corrected to that of the X-ray structure (PDB code 1SA0) (Rav-
elli et al., 2004) in order to adjust the relative position of Mg2+. The same GTP
was used in the plus-end b-tubulin layer of MT-GTP. In what follows, the same
procedure was applied for MT-GDP and MT-GTP, starting from the same MT
structure.
Energy Minimization
The energy of both MT-GDP and MT-GTP was minimized using the CHARMM
program (Brooks et al., 1983) with theQuanta/Charmm force field for extendedreserved
Table 1. Sequence Alignments of the Interface Residues
Residue
Mutations Found in
Various b-Tubulins
Conservation
in b-Tubulinsa
Mutations in Other
Human Tubulins
Conservation in Other
Human Tubulinsa Summaryb
Inner Minus Part of PFi
33T D,N,S,A,L,C,M,P —
55E Q (1/47) .: E(a),Q(g),D(ε),E(d) *(a,d) : (g,ε) C
56A G,S,V,I —
57A S,T,G,Q,N,Y,F,D —
60K R,N(1/47),S(1/47) : K(a),H(g),S(ε),V(d) : (a,g) CS
62V * V(a),I(g),K(ε),I(d) *(a) : (g,d) C
Inner Plus Part of PFi
85Q D,N,H,P,A,K,R —
86I F,L,V,M,T(1/47) : L(a),L(g),V(ε),K(d) : (a,g,ε) C
88R K,H(1/47),Q(1/47) : H(a),N(g),D(ε),G(d) . (a) CS
89P * P(a),P(g),T(ε),Q(d) *(a,g) CS
90D * E(a),E(g),K(ε),H(d) : (a,g) CS
Outer Part of PFi
120D E (1/47) .: D(a),D(g),E(ε),N(d) *(a,g) : (ε) . (d) C
123R * R(a),D(g),R(ε),R(d) *(a,ε,d) C
124K R,N,H . K(a),R(g),K(ε),K(d) *(a,ε,d) : (g) C
127E * D(a),D(g),E(ε),E(d) : (a,g) *(ε,d) C
Inner Part of PFi+1
277S T,A,D —
280S A,Q,N,T,V —
281Q A,K,M,S,T,H,Y,R —
282Q S,A,D,E,I,G,K,T —
283Y F : H(a),V(g),I(ε),G(d) CS
284R S,Q,I,N,H —
285A N,S,M,V,G,R,T —
Outer Part of PFi+1
293Q R,S,G,K,A —
294Q K,S —
297D N(1/47) .: E(a),Q(g),S(ε),P(d) : (a) . (g) CS
299K R,N(1/47),A(1/47) : A(a),K(g),D(ε),S(d) *(g) CS
338K R : K(a),R(g),-(ε),K(d) *(a,d) : (g) C
Results of the alignment of 47 nonredundant sequences of b-tubulins from various species (second column), and the alignment of the known
sequences of the human tubulins: eight a-, ten b-, two g-, one d-, and one ε-tubulin (fourth column).
aConservation status is as follows: *, very well conserved; .:,very well conserved with amutation for a similar residue (observed for only one b-tubulin of
the total 47 [1/47]), :, similar mutations observed for a few b-tubulins; ., similar mutations observed for many b-tubulins. No symbol indicates that the
residue is not conserved.
bC indicates that the residue is rather well-conserved in the 47 b-tubulins. S represents selectivity: the residue may be well conserved in a- and
g-tubulins but should not be conserved in d- and ε-tubulins.
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How Does GTP Stabilize the Microtubule?atoms, in which the hydrogen atoms that are attached to a carbon atom are
united to it. The minimizations were carried out in the vacuum with a dis-
tance-dependent dielectric constant. To avoid excessive shrinking of the sys-
tem due to minimization in the vacuum, the switching function with a short
cutoff distance of 9 A˚ was used for nonbonded interactions. The system
was energy minimized using the conjugate gradient method first for 600 itera-
tions under mass-weighted harmonic constraints that were applied to the
system in order to prevent abrupt deviations from the initial structure. The har-
monic force constant was decreased every 100 steps, taking the successive
values of 250, 100, 50, 25, 10, and 5 kcal/mol.A˚2. By this procedure, the over-
lapping residues at the PF interface adjusted their positions smoothly. Finally,
the energy was minimized for thousands of additional steps without harmonic
constraints until it reached an average gradient less than 104 kcal/mol.A˚.Structure 21Construction of the Plus-End Depolymerizing MT
The plus-end depolymerizing MT was constructed, based on the crystal
structure of a curved tubulin tetramer (PDB code 1SA0). To distinguish the
tubulins of this tetramer from those of the MT, we added a prime to their
names. Starting from the energy-minimized MT (either MT-GDP or MT-
GTP), for each PF, we superposed the a01-chain of 1SA0 to the a2-chain
of our PF, because the latter is composed of three ab-dimers and the former
of only two dimers (see Figure S2). Then we brought each upper chain ((i.e.,
b2, a3, and b3)) of the microtubule PF to coincide with the corresponding
chains in 1SA0. The same thing was done for all 13 PFs of the MT. In addition,
to compare with the cryo-ET images, a five-layer depolymerizing MT was
created according to a similar procedure, where the 1SA0 tetramer was
slid along each PF., 833–843, May 7, 2013 ª2013 Elsevier Ltd All rights reserved 841
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This construction was based on the same principle as above, but we super-
posed the b02-chain of 1SA0 to the b2-chain of our PF, then brought each lower
chain (i.e., a2, b1, and a1) of the PF to coincide with the corresponding chains
in 1SA0.
Calculation of the Normal Modes
The normal modes were calculated using the diagonalization in a mixed basis
(DIMB)method (Mouawad and Perahia, 1993; Perahia andMouawad, 1995), in
which all the atoms were taken into account. About 2000 iterations were
needed to converge. The modes were considered as converged when they
were not modified after 100 iterations. This constitutes a large number of iter-
ations, but it was necessary, because the MT is a very large system and a sub-
stantial number of combinations are needed to take all its parts into account.
The algorithm was adapted to accelerate the convergence of the method.
Displacement toward a Reference Structure along a Combination
of Modes
The energy-minimized MT was displaced along the first vibrational mode in
both directions, until it reached a minimum rmsd from the reference. Then,
the obtained structure was displaced along the second mode in the same
way, until a new minimum rmsd was reached, and so on, along the 50 modes.
Naturally, the displacement along somemodesmay increase the rmsd. There-
fore, these displacements were discarded.
Projection of the NMs on a Difference Vector
To decide which modes correspond to the depolymerizing motion of the MT,
we projected the NMs ðV!Þ on the vector that corresponds to the difference
between the coordinates of the Ca atoms of the entire straight (s) and curved
(c) MT structures ð Xs! Xc!Þ:
projectionð%Þ=
2
4 V
!
$

Xs
! Xc!
kV!k$k Xs! Xc!k
3
5
2
3 100;
where kV!k and k Xs! Xc!k are the norms of the vectors. The results are
shown in Figures 4A and 4B.
When the projection was used to detect the depolymerizing motion of a
portion of the MT, like a single PF as in Figures 4C and 4D, the modes ðV!Þ
were projected on the difference vector of the Ca atoms of the PF ðxs! xc!Þ
without normalization, to avoid the artificial enhancement of the projection,
since this projection concerned only a small part of the system (1/13th). There-
fore, in this case,
projectionð%Þ= V!$xs! xc!23100:
Energy Cost for Displacements along the Modes
The two modes with more than 20% projection on Xs
! Xc! were considered
for each system, modes 7 and 10 for MT-GDP andmodes 3 and 4 for MT-GTP.
Along each of these modes, the corresponding structure was displaced to
reach a mass-weighted rmsd of 0.3 A˚, by steps of 0.08 A˚. For each step, the
energy was calculated. The results are shown in Figure 5A.
The extreme displacement of 0.3 A˚ along each mode was considered as
representative of a reasonable stress on the structure. The energy, εmi , of
each atom i of the displaced structure along modemwas calculated and sub-
tracted from that of the initial structure, ε0i , which is eitherMT-GDP orMT-GTP.
For each system, to concatenate the information from the two modes, we pro-
ceeded as follows: For each atom i, if at least one of the two calculated energy
differences, Dεm1i or Dε
m2
i , is positive, meaning that the displacement is unfa-
vorable, we consideredMaxðDεm1i ;Dεm2i Þ; otherwise, when the displacement is
favorable, we considered minðDεm1i ;Dεm2i Þ. The results are shown in Figure 5B.
Cryo-Electron Tomography Experiment
Microtubules were nucleated on purified centrosomes of Drosophila embryos
(Moritz et al., 1995). In an Eppendorf tube, 5 ml of commercial tubulin (cytoskel-
eton T238B) were added and mixed with 5 ml of purified centrosome, 10 ml of
nucleation buffer (80 mM K-Pipes, 1 mM MgCl2, and 1 mM EGTA) and 2 ml of
15-nm gold particles. After 5 min of incubation at 37C, 5 ml of this sample was842 Structure 21, 833–843, May 7, 2013 ª2013 Elsevier Ltd All rightsquickly deposited onto a Lacey carbon film grid (300 microMesh) and blotted
for 2 s. The grid was plunged into liquid ethane using a Leica CFC.
Grids were transferred into a JEOL JEM 2200FS cryo-electron microscope
equipped with an U filter. Single-axis z-loss tomographic tilt series at 5 mm
underfocus were acquired by applying the Saxton acquisition scheme, with
tilt angles varying between 65 and +65. The microscope was operated at
200 kV, and images were acquired using a 2k Ultrascan Gatan Camera (Gatan,
Pleasanton, CA). The nominal magnification and energy window used were
15,000 X and 10 eV, respectively. The maximum total dose estimated for a
single tilt series was 75 e/A˚2.
Identification of the Residues with Significant Conformational
Change
A conformational modification in a PF is considered significant only if the dif-
ference between the calculated feature in MT-GDP and MT-GTP is higher
than the difference between the various PFs of each system.
To identify the residues that present significant conformational changes due
to the presence of GTP, the b3-tubulins of the 13 PFs were first extracted from
MT-GDP and MT-GTP. Then, for each system, the b-tubulins were superim-
posed, and both the average structure and the fluctuations of the atomic
positions around this average were calculated. To compare the two systems,
the rmsd per Ca atombetween the two average structures were calculated. For
each Ca atom, if its rmsd was greater than its fluctuations in both MT-GDP and
MT-GTP, the residue difference was retained as significant.
Sequence Alignments
The sequences were taken from the UniProt database http://www.uniprot.org
and the alignments were done using ClustalW2 (Larkin et al., 2007) on the web
server http://www.ebi.ac.uk/Tools/msa/clustalw2.
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